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Abstract

Soil microorganisms, such as bacteria and fungi, play central roles in soil fertility and promoting plant health. This review

examines and compares the various methods used to study microbial diversity in soil.
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1. Introduction

Soil bacteria and fungi play pivotal roles in various

biogeochemical cycles (BGC) (Molin and Molin,

1997; Trevors, 1998b; Wall and Virginia, 1999) and

are responsible for the cycling of organic compounds.

Soil microorganisms also influence above-ground

ecosystems by contributing to plant nutrition (George

et al., 1995; Timonen et al., 1996), plant health

(Srivastava et al., 1996; Filion et al., 1999; Smith

and Goodman, 1999), soil structure (Wright and

Upadhyaya, 1998; Dodd et al., 2000) and soil fertility

(Yao et al., 2000; O’Donnell et al., 2001).
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Our knowledge of soil microbial diversity is limited

in part by our inability to study soil microorganisms.

Torsvik et al. (1990a,b) estimated that in 1 g of soil

there are 4000 different bacterial ‘‘genomic units’’

based on DNA–DNA reassociation. It has also been

estimated that about 5000 bacterial species have been

described (Pace, 1997, 1999). Approximately 1% of

the soil bacterial population can be cultured by standard

laboratory practices. It is not known if this 1% is

representative of the bacterial population (Torsvik et

al., 1998). An estimated 1,500,000 species of fungi

exist in the world (Giller et al., 1997). But unlike

bacteria, many fungi cannot be cultured by current

standard laboratory methods (Thorn, 1997; van Elsas et

al., 2000). Although molecular methods have been

used to study soil bacterial communities, very little

research has been undertaken for soil fungi (van Elsas

et al., 2000).

All organisms in the biosphere depend on microbial

activity (Pace, 1997). Soil microorganisms are vital for
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the continuing cycling of nutrients and for driving

above-ground ecosystems (van der Heijden et al.,

1998; Cairney, 2000; Klironomos et al., 2000; Ovreas,

2000). While many anthropogenic activities, such as

city development, agriculture, use of pesticides and

pollution can potentially affect soil microbial diversity,

it is unknown how changes in microbial diversity can

influence below-ground and above-ground ecosys-

tems. Before we can address how changes in microbial

community structure influences ecosystem functions,

there is the need for reliable and accurate mechanisms

of studying soil microorganisms. This article will

review the current methods, and their advantages and

disadvantages, for studying microbial diversity in soil.
2. General limitations in studying microbial

diversity

There are problems associated with studying bacte-

rial and fungaldiversity in soil.Thesearisenotonly from

methodological limitations, but also from a lack of

taxonomic knowledge. It is difficult to study the diver-

sity of a group of microorganisms when it is not under-

stood how to categorize or identify the species present.

2.1. Spatial heterogeneity

When studying microbial diversity, replicates of 1

to 5 g of soil are often used to measure diversity

and then conclusions about the community are

made. There are numerous problems with this ap-

proach. One is the innate heterogeneity of soil and

thus of spatial distribution of the microorganisms

(Trevors, 1998b). Franklin and Mills (2003) used

multiple spatial scales, with sampling intervals rang-

ing from 2.5 cm to 11 m, to study the spatial

heterogeneity of soil microbial communities in an

agricultural soil. They reported that microbial com-

munities may have several nested levels of organi-

zation, and that they could be dependent on

different soil properties or groups of properties.

Microbial communities exist on such a small scale,

that possibly 1 to 5 g of soil could bias results and

favour detection of dominant populations (Grund-

mann and Gourbiere, 1999). Grundmann and Gour-

biere (1999) suggested that sampling of soil has to

be done on a smaller scale with more samples to
assess the diversity of microorganisms in the micro-

habitats in soil. Another problem with this approach

is that soil is heterogeneous, containing many

microhabitats that are suitable for microbial growth.

As a result, bacteria are highly aggregated in soil

existing in clumps or ‘‘hot spots’’. Plants also

influence the spatial distribution of soil bacteria

(Wall and Virginia, 1999) and fungi, as shown by

an approximately two-fold increase in bacterial

numbers in the rhizosphere over bulk soil (Curl

and Truelove, 1986). Arbuscular mycorrhizal fungi

(AMF) require a plant host to survive. Therefore,

their distribution in soil is also clustered around

plant species.

Much of what is known about soil fungal diversity

has resulted from field studies of sporocarps or by

morphological descriptions of below-ground fungal

structures, especially for mycorrhizal fungi (Horton,

2002). Often, fungal diversity studies using data from

above-ground fruiting bodies do not correspond to

those using below-ground fungal structures (Horton,

2002). This discrepancy can be caused by the sporadic

production of sporocarps as well as the lack of infor-

mation about below-ground structures.

Very little is known about spatial and temporal

variability of microorganisms in soil (Sanders and

Fitter, 1992; Johnson et al., 1997; Trevors, 1998b). If

researchers sample soil in a traditional random fash-

ion, microbial diversity and population size could be

grossly underestimated resulting in high variability

between replicates and low statistical power (Kliro-

nomos et al., 1999). Klironomos et al. (1999) sug-

gested using a combination of geostatistical analyses

to describe spatial distribution of subsurface micro-

organisms together with power analyses to assess the

required sample size. This approach should reduce

variability in sampling and provide a more represen-

tative sampling regime.

2.2. Inability to culture soil microorganisms

The immense phenotypic and genetic diversity

found in soil bacterial and fungal communities

makes it one of the most difficult communities to

study (Ovreas et al., 1998). It has been suggested

that at least 99% of bacteria observed under a

microscope are not cultured by common laboratory

techniques (Borneman et al., 1996; Giller et al.,
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1997; Pace, 1997; Torsvik et al., 1998; Trevors,

1998b). It is possible this 1% of culturable bacteria

is representative of the entire population and that the

other 99% are simply in a physiological state that

eludes our ability to culture them (Rondon et al.,

1999). However, it is also likely that the 99% are

phenotypically and genetically different from the 1%

and only the minority of the population is repre-

sented (Rondon et al., 1999, 2000). Many fungal

species also elude culturing in the laboratory (van

Elsas et al., 2000). To overcome problems associated

with non-culturable bacteria and fungi, various meth-

ods have been developed to identify and study these

microorganisms including fatty acid analysis and

numerous DNA- and RNA-based methods.

2.3. Limitations of molecular-based methods

Molecular techniques based on PCR have been

used to overcome the limitations of culture-based

methods; however, they are not without their own

limitations.

Lysis efficiency of cells or fungal structures varies

between and within microbial groups (Prosser,

2002). Bacteria exist in or on the surface of soil

aggregates; therefore, the ability to separate these

cells from soil components is vital for studying

biodiversity (Trevors, 1998a). If the method of cell

extraction used is too gentle, Gram-negative, but not

Gram-positive bacterial cells would be lysed. If the

method is too harsh, both Gram-negative and Gram-

positive cells may be lysed but their DNA may

become sheared (Wintzingerode et al., 1997). Lysis

efficiency also varies for different fungal cells.

Spores will lyse differently than mycelia and mycelia

of different ages will also have different lysing

efficiency (Prosser, 2002). The variation in the

ability to break open cells or fungal structures can

lead to biases in molecular-based diversity studies.

The method of DNA or RNA extraction used can

also bias diversity studies. Harsh extraction methods,

such as bead beating, can shear the nucleic acids,

leading to problems in subsequent PCR detection

(Wintzingerode et al., 1997). Different methods of

nucleic acid extractions will result in different yields

of product (Wintzingerode et al., 1997). With environ-

mental samples, it is necessary to remove inhibitory

substances such as humic acids, which can be co-
extracted and interfere with subsequent PCR analysis.

Subsequent purification steps can lead to loss of DNA

or RNA, again potentially biasing molecular diversity

analysis.

Differential amplification of target genes can also

bias PCR-based diversity studies. Typically, 16S

rRNA, 18S rRNA or ITS regions are targeted by

primers for diversity studies because these genes/frag-

ments are present in all organisms, they have well

defined regions for taxonomic classification that are

not subject to horizontal transfer and have sequence

databases available to researchers. Wintzingerode et al.

(1997) discussed some issues surrounding differential

PCR amplification including different affinities of

primers to templates, different copy numbers of target

genes, hybridization efficiency and primer specificity.

In addition, sequences with lower G+C content are

thought to separate more efficiently in the denaturing

step of PCR and, therefore, could be preferentially

amplified (Wintzingerode et al., 1997).

The above discusses a few limitations of molec-

ular-based methods, which can influence the analysis

and interpretation of molecular-based microbial com-

munity analysis. Molecular-based methods provide

valuable information about the microbial community

as opposed to only culture-based techniques.

2.4. Taxonomic ambiguity of microbes

Another problem associated with measuring mi-

crobial diversity in soil is the problem of defining

microbial species (Torsvik et al., 1998; Trevors,

1998b; Ovreas, 2000). There is no official definition

of a bacterial (Colwell et al., 1995) or AMF species.

Moreover, Hey (2001) listed over 24 definitions of

species, all of which were different. The traditional

species definition was based on higher plants and

animals and does not readily apply to prokaryotes

(Godfray and Lawton, 2001) or asexual organisms.

The genetic plasticity of bacteria, allowing DNA

transfer through plasmids, bacteriophages and trans-

posons, complicates the concept of bacterial species.

Fungal taxonomy has similar problems in identi-

fying vegetative structures. Most of the current tax-

onomy is based on fungal sexual states, for instance

mushrooms and truffles, and problems exist when

trying to identify the below-ground vegetative struc-

tures (Horton, 2002). Molecular methods such as
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restriction analysis of the internal transcribed spacer

(ITS) region, 18S rDNA and restriction fragment

length polymorphism (RFLP) analysis has been used

to identify fungi; however, the databases are still not

sufficiently developed to prevent many ‘‘unknowns’’

in a community analysis.

AMF taxonomy is also transient. Traditionally,

AMF were identified using spore morphology and

differential staining. This technique made it difficult

to identify morphologically similar spores, to deter-

mine phylogenetic relatedness and to accurately clas-

sify AMF. Recently, Redecker (2000) and Redecker et

al. (1997, 1999, 2000) have put considerable effort into

determining the phylogenetic relationships of AMF

and this led to the identification of two new families.

As more research is conducted, the specificity and

sensitivity of molecular techniques to identify AMF

species increase and so does the ability to study these

microorganisms.

Another major limitation of the use of molecular

techniques with AMF is our lack of understanding of

genetic polymorphism in AMF. One single spore can

contain considerable variation in ITS and 5.8S rDNA

sequences (Redecker et al., 1999). Therefore, the

single-sequence, single-species hypothesis may not

fit with AMF and diversity could be overestimated

(Dodd et al., 2000; Schubler et al., 2001).
3. Methods of studying microbial diversity in soil

Species diversity consists of species richness, the

total number of species present, species evenness, and

the distribution of species (Trevors, 1998b; Ovreas,

2000). Methods to measure microbial diversity in soil

can be categorized into two groups: biochemical-based

techniques (Table 1) and molecular-based techniques

(Table 2). Typically, diversity studies include the rela-

tive diversities of communities across a gradient of

stress, disturbance or other biotic or abiotic difference

(Hughes et al., 2001). It is difficult with current

techniques to study true diversity since we do not know

what is present and we have no way of determining the

accuracy of our extraction or detection methods. Often

researchers will attempt to reduce the information

gathered by diversity studies into discrete, numerical

measurements such as diversity indices (Atlas and

Bartha, 1993).
4. Biochemical-based techniques to study microbial

diversity

Most methods described below can be used for

either bacteria or fungi, although some are specific to

one or the other.

4.1. Plate counts

Traditionally, diversity was assessed using selec-

tive plating and direct viable counts. These methods

are fast, inexpensive and can provide information on

the active, heterotrophic component of the popula-

tion. Limitations include the difficulty in dislodging

bacteria or spores from soil particles or biofilms,

growth medium selections (Tabacchioni et al., 2000),

growth conditions (temperature, pH, light), the in-

ability to culture a large number of bacterial and

fungal species with current techniques and the po-

tential for colony–colony inhibition or of colony

spreading (Trevors, 1998b). In addition, plate growth

favours those microorganisms with fast growth rates

and those fungi that produce large numbers of spores

(Dix and Webster, 1995). All of these limitations can

influence the apparent diversity of the microbial

community.

4.2. Sole carbon source utilization patterns/commu-

nity level physiological profiling for measuring

microbial diversity

Garland and Mills (1991) developed a technique

using a commercially available 96-well microtitre

plate to assess the potential functional diversity of

the bacterial population through sole source carbon

utilization (SSCU) patterns. Gram-negative (GN) and

gram-positive (GP) plates are available from Biolog

(Hayward, CA, USA, www.biolog.com) and each

contains 95 different carbon sources and one control

well without a substrate. GN and GP plates were

developed originally for characterization of clinical

bacterial isolates and not for community analysis.

Subsequently, Biolog introduced an Eco-plate (Choi

and Dobbs, 1999) containing 3 replicates of 31

different environmentally relevant carbon sources

and one control well per replicate. Carbon sources

not found in GN plates include D-cellobiose, D-

xylose, D-malic acid, L-arginine, 2-hydroxybenzoic

 http:\\www.biolog.com 


Table 1

Advantages and disadvantages of biochemical-based methods to study soil microbial diversity

Method Advantages Disadvantages Selected references

Plate counts Fast Unculturable microorganisms Tabacchioni et al. (2000),

Inexpensive not detected

Bias towards fast growing

individuals

Trevors (1998b)

Bias towards fungal species

that produce large quantities of

spores

Community level physiological Fast Only represents culturable Classen et al. (2003), Garland

profiling (CLPP) Highly reproducible fraction of community (1996a), Garland and Mills

Relatively inexpensive Favours fast growing (1991)

Differentiate between

microbial communities

Generates large amount of data

organisms

Only represents those

organisms capable of utilizing

Option of using bacterial,

fungal plates or site specific

carbon sources (Biolog)

available carbon sources

Potential metabolic diversity,

not in situ diversity

Sensitive to inoculum density

Fatty acid methyl ester analysis

(FAME)

No culturing of

microorganisms, direct

extraction from soil

If using fungal spores, a lot of

material is needed

Can be influenced by external

Graham et al. (1995), Siciliano

and Germida (1998), Zelles

(1999)

Follow specific organisms or

communities

factors

Possibility results can be

confounded by other

microorganisms
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acid and 4-hydroxybenzoic acid. For a list of all 31

carbon sources, please refer to Choi and Dobbs

(1999). Alternatively, researchers can use plates

containing the growth medium and a tetrazolium salt

from Biolog, and add site-specific carbon sources to

analyze their samples (Campbell et al., 1997; Becker

and Stottmeister, 1998). The tetrazolium salt changes

colour as the substrate is metabolized. Since many

fungal species are not capable of reducing the

tetrazolium salt, Biolog developed fungal specific

plates SFN2 and SFP2, which have the same sub-

strates as GN and GP plates but without the tetra-

zolium salt (Classen et al., 2003). Inoculated

populations are monitored over time for their ability

to utilize substrates and the speed at which these

substrates are utilized. Multivariate analysis is ap-

plied to the data and relative differences between soil

functional diversity can be assessed.

This method has been used successfully to

assess potential metabolic diversity of microbial

communities in contaminated sites (Derry et al.,

1998; Konopka et al., 1998), plant rhizospheres
(Ellis et al., 1995; Garland, 1996a; Grayston and

Campbell, 1996; Grayston et al., 1998), arctic soils

(Derry et al., 1999), soil treated with herbicides (el

Fantroussi et al., 1999) or inoculation of micro-

organisms (Bej et al., 1991). For example, Roling

et al. (2000) used the Biolog system together with

DGGE to study the anaerobic microbial community

in an aquifer. They found that both the anaerobic

community level physiological profiling (CLPP) and

denaturing gradient gel electrophoresis (DGGE)

were able to separate microbial communities from

the polluted aquifer below a landfill site from those

of aquifers located up or downstream of the land-

fill. Derry et al. (1999) used GN Biolog plates to

assess the functional diversity of microorganisms in

three different Arctic soils incubated at different

temperatures. They found significant differences in

Shannon indices, substrate utilization richness and

evenness at incubation temperatures that Arctic soil

would be exposed to. el Fantroussi et al. (1999)

used Biolog plates in conjunction with DGGE to

assess the impact of three different phenylurea



Table 2

Advantages and disadvantages of some molecular-based methods to study soil microbial diversity

Method Advantages Disadvantages Selected references

Guanine plus cytosine

(G+C)

Not influenced by PCR

biases

Requires large quantities of

DNA

Nusslein and Tiedje (1999),

Tiedje et al. (1999)

Includes all DNA extracted Dependent on lysing and

Quantitative extraction efficiency

Includes rare members of

community

Coarse level of resolution

Nucleic acid reassociation Total DNA extracted Lack of sensitivity Torsvik et al. (1990a,b,

and hybridization Not influenced by PCR

biases

Sequences need to be in

high copy number to be

1996), Cho and Tiedje

(2001)

Study DNA or RNA detected

Can be studied in situ Dependent on lysing and

extraction efficiency

DNA microarrays and DNA

hybridization

Same as nucleic acid

hybridization

Only detect most abundant

species

Hubert et al. (1999), Cho

and Tiedje (2001), Greene

Thousands of genes can be

analyzed

Need to be able to culture

organisms

and Voordouw (2003)

If using genes or DNA

fragments, increased

specificity

Only accurate in low

diversity systems

Denaturing and temperature gradient gel

electrophoresis (DGGE

and TGGE)

Large number of samples

can be analyzed

simultaneously

PCR biases

Dependent on lysing and

extraction efficiency

Muyzer et al. (1993),

Duineveld et al. (2001),

Maarit-Niemi et al. (2001)

Reliable, reproducible and

rapid

Sample handling can

influence community, i.e. if

stored too long before extraction,

community can change

One band can represent

more than one species

(co-migration)

Only detects dominant

species

Single strand conformation Same as DGGE/TGGE PCR biases Lee et al. (1996), Tiedje

polymorphism (SSCP) No GC clamp Some ssDNA can form et al. (1999)

No gradient more than one stable

conformation

Amplified ribosomal DNA Detect structural changes in PCR biases Liu et al. (1997), Tiedje

restriction analysis

(ARDRA) or restriction

fragment length

polymorphism (RFLP)

microbial community Banding patterns often too

complex

et al. (1999)

Terminal restriction

fragment length

Simpler banding patterns

than RFLP

Dependent on extraction and

lysing efficiency

Tiedje et al. (1999), Dunbar

et al. (2000), Osborn et al.

polymorphism (T-RFLP) Can be automated; large PCR biases (2000)

number of samples

Highly reproducible

Type of Taq can increase

variability

Compare differences in Choice of universal primers

microbial communities Choice of restriction

enzymes will influence

community fingerprint

Ribosomal intergenic spacer

analysis (RISA)/automated

ribosomal intergenic spacer

analysis (ARISA)

Highly reproducible

community profiles

Requires large quantities of

DNA

Fisher and Triplett (1999)
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Method Advantages Disadvantages Selected references

Can be automated (ARISA) Resolution tends to be

low-PCR biases

Table 2 (continued)
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herbicides on soil microbial communities. They

reported that soil diversity seemed to decrease with

the application of the herbicides and that principal

component analysis (PCA) was able to distinguish

between treated and nontreated communities. Simi-

lar in principle to the Biolog system is the API

system (Merieux, France). There are a number of

API strips available with various carbon sources

that can be used to measure functional diversity

(Torsvik et al., 1990b).

In principle, Biolog and API systems provide a

community level physiological profile (CLPP) or a

metabolic profile of the bacterial or fungal commu-

nity’s ability to utilize specific carbon sources.

CLPPs can differentiate between microbial commu-

nities, are relatively easy to use, reproducible and

produce a large amount of data reflecting metabolic

characteristics of the communities (Zak et al., 1994).

Limitations of metabolic profiling are: the methods

select for only culturable microorganisms capable of

growing under the experimental conditions (Garland

and Mills, 1991), favours fast growing microorgan-

isms (Yao et al., 2000), is sensitive to inoculum

density (Garland, 1996b) and reflects the potential,

and not the in situ, metabolic diversity (Garland and

Mills, 1991). For instance, a species not active or

representing only a minor fraction of the in situ

population may have a competitive advantage within

the Biolog well and the metabolic profile may

overestimate the contribution of this species in situ.

In addition, the carbon sources may not be repre-

sentative of those present in soil (Yao et al., 2000)

and therefore the usefulness of the information can

be questioned. Nonetheless, CLPP is useful when

studying the functional diversity of soils and is a

valuable tool especially when used in conjunction

with other methods.

4.3. Fatty acid methyl ester (FAME) analysis

A biochemical method that does not rely on

culturing of microorganisms is fatty acid methyl ester
(FAME) analysis. This method provides information

on the microbial community composition based on

groupings of fatty acids (Ibekwe and Kennedy, 1998).

Fatty acids make up a relatively constant proportion

of the cell biomass and signature fatty acids exist that

can differentiate major taxonomic groups within a

community. Therefore, a change in the fatty acid

profile would represent a change in the microbial

population. It has been used to study microbial

community composition and population changes due

to chemical contaminants (Siciliano and Germida,

1998; Kelly et al., 1999) and agricultural practices

(Bossio et al., 1998; Ibekwe and Kennedy, 1998). The

readers are referred to a comprehensive review of the

use of fatty acid patterns of phospholipids and lip-

opolysaccharides to characterize microbial popula-

tions by Zelles (1999).

For FAME analysis, fatty acids are extracted

directly from soil, methylated and analyzed by gas

chromatography (Ibekwe and Kennedy, 1999).

FAME profiles of different soils can be compared

using multivariate analysis. This method will detect

changes in the composition of the bacterial and/or

fungal community, as well as enable one to follow

signature fatty acids of different groups of micro-

organisms. Ibekwe and Kennedy (1998) used phos-

pholipid fatty acid analysis (PLFA) and CLPP to

study microbial communities in the rhizosphere of

plants from the field and from greenhouse pots.

Principle component analysis of PLFA showed a

clear distinction between field and greenhouse mi-

crobial communities, and these results corresponded

to those of Biolog plates. Bossio et al. (1998) used

phospholipid fatty acid profiles to detect changes in

microbial communities consistent with different

farming practices. But when these researchers cal-

culated the Shannon diversity index based on PLFA

relative abundance, no difference was detected. This

could be because although the community was

structurally different, diversity was not, or it could

represent some problems with using fatty acid

profiles to measure diversity (Bossio et al., 1998).



J.L. Kirk et al. / Journal of Microbiological Methods 58 (2004) 169–188176
Although FAME analysis is one method to study

microbial diversity, if using total organisms, fatty acid

analysis is a poor method fraught with limitations. If

using fungal spores to study the potential fungal

diversity, approximately 130 to 150 spores are needed

(Graham et al., 1995) and this may obscure detection

of minor species in the population. Cellular fatty acid

composition can be influenced by factors such as

temperature and nutrition, and the possibility exists

that other organisms can confound the FAME profiles

(Graham et al., 1995). In addition, individual fatty

acids cannot be used to represent specific species

because individuals can have numerous fatty acids

and the same fatty acids can occur in more than one

species (Bossio et al., 1998).
5. Molecular-based techniques to study microbial

diversity

A number of approaches have been developed to

study molecular microbial diversity. These include

DNA reassociation, DNA–DNA and mRNA:DNA

hybridization, DNA cloning and sequencing, and other

PCR-based methods such as denaturing gradient gel

electrophoresis (DGGE), temperature gradient gel elec-

trophoresis (TGGE), ribosomal intergenic spacer anal-

ysis (RISA) and automated ribosomal intergenic spacer

analysis (ARISA).

5.1. Guanine plus cytosine (G+C) content

Differences in the guanine plus cytosine (G+C)

content of DNA can be used to study the bacterial

diversity of soil communities (Nusslein and Tiedje,

1999). It is based on the knowledge that microorgan-

isms differ in their G+C content and that taxonomi-

cally related groups only differ between 3% and 5%

(Tiedje et al., 1999). This method provides a coarse

level of resolution as different taxonomic groups may

share the same G+C range. Advantages of G+C

analysis are that it is not influenced by PCR biases,

it includes all DNA extracted, it is quantitative and it

can uncover rare members in the microbial popula-

tions. It does, however, require large quantities of

DNA (up to 50 Ag) (Tiedje et al., 1999).

Nusslein and Tiedje (1999) used G+C content

together with amplified ribosomal DNA restriction
analysis (ARDRA) abundance patterns and rDNA

sequence analysis to study the changes in microbial

diversity from a vegetative cover of forest to pasture

in a Hawaiian soil. All three methods detected

differences in the microbial community revealing

that plants have a strong influence on the microbial

community composition. Since all three methods

examined the community at a different level of

resolution, the authors believed that they form a

complementary group of tests to more thoroughly

study the microbial community.

5.2. Nucleic acid reassociation and hybridization

DNA reassociation is a measure of genetic com-

plexity of the microbial community and has been used

to estimate diversity (Torsvik et al., 1990a,b, 1996).

Total DNA is extracted from environmental samples,

purified, denatured and allowed to reanneal. The rate

of hybridization or reassociation will depend on the

similarity of sequences present. As the complexity or

diversity of DNA sequences increases, the rate at

which DNA reassociates will decrease (Theron and

Cloete, 2000). Under specific conditions, the time

needed for half of the DNA to reassociate (the half

association value C0t1/2) can be used as a diversity

index, as it takes into account both the amount and

distribution of DNA reassociation (Torsvik et al.,

1998). Alternatively, the similarity between commu-

nities of two different samples can be studied by

measuring the degree of similarity of DNA through

hybridization kinetics (Griffiths et al., 1999).

Nucleic acid hybridization using specific probes is

an important qualitative and quantitative tool in

molecular bacterial ecology (Schramm et al., 1996;

Guo et al., 1997; Griffiths et al., 1999; Clegg et al.,

2000; Theron and Cloete, 2000). These hybridization

techniques can be done on extracted DNA or RNA,

or in situ. Oligonucleotide or polynucleotide probes

designed from known sequences ranging in specific-

ity from domain to species can be tagged with

markers at the 5V-end (Theron and Cloete, 2000).

Fluorescent markers commonly used include deriva-

tives of fluorescein or rhodamine. Quantitative dot-

blot hybridization is used to measure the relative

abundance of a certain group of microorganisms.

The sample is lysed to release all nucleic acids.

rRNA sequences of interest are quantified relative
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to total rRNA by dot-blot hybridization with specific

and universal oligonucleotide primers. The relative

abundance may represent changes in the abundance

in the population or changes in the activity and

hence the amount of rRNA content (Theron and

Cloete, 2000). Hybridization can also be conducted

at the cellular level and can be done in situ. This

provides valuable spatial distribution information on

microorganisms in environmental samples. Tradition-

ally, radioactive isotopes were used to label oligo-

nucleotide probes, but recently fluorescent probes are

often preferred. The samples are fixed to increase

permeability of the cells but still maintaining cellular

structure and integrity. The sample can either be

attached to microscope slides or hybridized in sus-

pension. Fluorescently labelled primers are added

and allowed to hybridize, excess is washed away

and the hybridized cells detected (Head et al., 1998).

The method, known as fluorescent in situ hybridiza-

tion or FISH has been used successfully to study the

spatial distribution of bacteria in biofilms (Schramm

et al., 1996).

One limitation of in situ hybridization or hybrid-

ization of nucleic acids extracted directly from

environmental samples is the lack of sensitivity.

Unless sequences are present in high copy number,

i.e. from dominant species, they probably will not

be detected. PCR eliminates this problem. DNA

extracted directly from the environment can act as

a template for PCR or mRNA can be reverse-

transcribed into cDNA and then amplified using

PCR (van Elsas and Wolters, 1995). The use of

mRNA in diversity studies will allow a snapshot of

the active microbial population, whereas DNA

extracted directly from environmental samples can

represent active as well as dormant microorganisms.

The amplified PCR product can be hybridized with

either oligonucleotide probes to provide specific

information on the community or with other envi-

ronmental samples to which microbial community

similarity is compared.

5.3. DNA microarrays

More recently, DNA–DNA hybridization has

been used together with DNA microarrays to detect

and identify bacterial species (Cho and Tiedje, 2001)

or to assess microbial diversity (Greene and Voor-
douw, 2003). This tool could be valuable in bacterial

diversity studies since a single array can contain

thousands of DNA sequences (Cho and Tiedje,

2001) with high specificity. The microarray can

either contain specific target genes such as nitrate

reductase, nitrogenase or naphthalene dioxygenase to

provide functional diversity information or can con-

tain a sample of environmental ‘‘standards’’ (DNA

fragments with less than 70% hybridization) repre-

senting different species found in the environmental

sample (Greene and Voordouw, 2003).

Reverse sample genome probing (RSGP) is a

method used to analyze microbial community com-

position of the most dominant culturable species and

uses genome microarrays. RSGP has four steps: (1)

isolation of genomic DNA from pure cultures; (2)

cross-hybridization testing to obtain DNA fragments

with less than 70% cross-hybridization. DNA frag-

ments with greater than 70% cross-hybridization are

considered the same species. (3) Preparation of

genome arrays onto a solid support; and (4) random

labelling of a defined mixture of total community

DNA and internal standard (Greene and Voordouw,

2003). This method has been used to analyze micro-

bial communities in oil fields (Voordouw et al.,

1991, 1992, 1993), and in contaminated soils (Shen

et al., 1998; Hubert et al., 1999; Greene et al., 2000).

Voordouw et al. (1993) used RSGP to study the

microbial population in produced waters and on

corrosion coupons of a select number of Western

Canadian oil fields using 16 distinct genomes of

sulfate-reducing bacteria (SRB) and 4 of hetero-

trophs. These authors found that SRB were more

common on corrosion plug surfaces than hetero-

trophs and they could be contributing to the corro-

sion of the metal. RSGP is a useful technique when

diversity is low, but several authors have had diffi-

culty when assessing community composition of

diverse habitats (Greene and Voordouw, 2003). If

diversity is high, then cross-hybridization can be a

problem or interpretation of the results is difficult.

This was the case for Bagwell and Lovell (2000)

who were studying the long-term effects of fertiliza-

tion on diazotroph communities.

Like DNA–DNA hybridization, the use of RSGP

and microarrays has the advantage that it is not

confounded by PCR biases and microarrays can

contain thousands of target gene sequences. Howev-
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er, it only detects the most abundant species. In

general, the species need to be cultured, but in

principle cloned DNA fragments of unculturables

could be used. The diversity has to be minimal or

enriched cultures used, otherwise cross-hybridization

can become problematic.

Using genes or DNA fragments instead of genomes

on the microarray offers the advantages of eliminating

the need to keep cultures of organisms growing as

genes can be cloned into plasmids or PCR used to

continually amplify the DNA fragments. In addition,

fragments would increase the specificity of hybridiza-

tion over the use of genomes and functional genes in

the community could be assessed (Greene and Voor-

douw, 2003).

5.4. PCR-based approaches

PCR targeting the 16S rDNA has been used

extensively to study prokaryote diversity and allows

identification of prokaryotes as well as the prediction

of phylogenetic relationships (Pace, 1996, 1997,

1999). 18S rDNA and internal transcribed spacer

(ITS) regions are increasingly used to study fungal

communities. However, the available databases are

not as extensive as for prokaryotes (Prosser, 2002).

Initially, molecular-based methods for ecological stud-

ies relied on cloning of target genes isolated from

environmental samples (Muyzer and Smalla, 1999).

Although sequencing has become routine, sequencing

thousands of clones is cumbersome (Tiedje et al.,

1999). Therefore, many other techniques have been

developed to assess microbial community diversity. In

these methods, DNA is extracted from the environ-

mental sample and purified. Target DNA (16S, 18S or

ITS) is amplified using universal or specific primers

and the resulting products are separated in different

ways.

5.4.1. Denaturing gradient gel electrophoresis

(DGGE)/temperature gradient gel electrophoresis

(TGGE)

Denaturing gradient gel electrophoresis (DGGE)

and temperature gradient gel electrophoresis (TGGE)

are two similar methods for studying microbial

diversity. These techniques were originally devel-

oped to detect point mutations in DNA sequences.

Muyzer et al. (1993) expanded the use of DGGE to
study microbial genetic diversity. DNA is extracted

from soil samples and amplified using PCR with

universal primers targeting part of the 16S or 18S

rRNA sequences. The 5V-end of the forward primer

contains a 35–40 base pair GC clamp to ensure that

at least part of the DNA remains double stranded.

This is necessary so that separation on a polyacryl-

amide gel with a gradient of increasing concentration

of denaturants (formamide and urea) will occur

based on melting behaviour of the double-stranded

DNA. If the GC-clamp is absent, the DNA would

denature into single strands. On denaturation, DNA

melts in domains, which are sequence specific and

will migrate differentially through the polyacryl-

amide gel (Muyzer, 1999). Theoretically, DGGE

can separate DNA with one base-pair difference

(Miller et al., 1999). TGGE uses the same principle

as DGGE except the gradient is temperature rather

than chemical denaturants.

DGGE/TGGE have the advantages of being reli-

able, reproducible, rapid and somewhat inexpensive.

Multiple samples can also be analyzed concurrently,

making it possible to follow changes in microbial

populations (Muyzer, 1999). Limitations of DGGE/

TGGE include PCR biases (Wintzingerode et al.,

1997), laborious sample handling, as this could po-

tentially influence the microbial community, (Muyzer,

1999; Theron and Cloete, 2000), and variable DNA

extraction efficiency (Theron and Cloete, 2000). It is

estimated that DGGE can only detect 1–2% of the

microbial population representing dominant species

present in an environmental sample (MacNaughton et

al., 1999). In addition, DNA fragments of different

sequences may have similar mobility characteristics in

the polyacrylamide gel. Therefore, one band may not

necessarily represent one species (Gelsomino et al.,

1999) and one bacterial species may also give rise to

multiple bands because of multiple 16S rRNA genes

with slightly different sequences. (Gelsomino et al.,

1999; Maarit-Niemi et al., 2001).

Maarit-Niemi et al. (2001) used different combi-

nations of DNA extraction and clean-up procedures

and reported the method used does influence the

banding pattern on DGGE gels. They reported that

the Soil DNA Isolation Kit (MO Bio Laboratories

Inc., Solana Beach, CA, USA) gave consistent, clear

bands with the most extensive banding patterns.

Gelsomino et al. (1999) found that direct and indirect
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DNA extraction methods yielded DNA fingerprints

that were 90% identical, with sample variation for

each extraction method being less than 5%. Most of

the differences in extraction methods and in repro-

ducibility were between faint bands, presumably

representing less dominant species (Gelsomino et

al., 1999). Holben et al. (2004) used DGGE in

combination with G+C fractionation to assess micro-

bial community diversity and to detect minority

populations of bacteria in the digestive tracts of

chickens. This approach shows promise in that the

fractionation reduces the complexity of the commu-

nity and allows the detection of species that are

present in low abundance. DGGE/TGGE has been

used to assess the diversity of bacteria and fungi in

the rhizosphere (Duineveld et al., 1998, 2001; Smalla

et al., 2001), caused by changes of nutrient addition

(Iwamoto et al., 2000) and addition of anthropogenic

chemicals (Torsvik et al., 1998; el Fantroussi et al.,

1999; MacNaughton et al., 1999; Whiteley and

Bailey, 2000).

The partial community level fingerprints derived

from DGGE/TGGE banding patterns have been

analyzed for diversity studies based on the number

and intensity of the DNA bands as well as simi-

larity between treatments. However, with the limi-

tations of PCR and of banding pattern separation,

care must be exercised when interpreting results

with respect to microbial diversity. Specific

DGGE/TGGE bands can also be excised from gels,

re-amplified and sequenced or transferred to mem-

branes and hybridized with specific primers to

provide more structural or functional diversity in-

formation (Theron and Cloete, 2000). By sequenc-

ing bands, one can obtain information about the

specific microorganisms in the community. Instead

of simply noting a change in the community

structure based on banding patterns, one can obtain

information about specific taxonomic groups within

the community. While the rRNA genes have been

the main target of microbial diversity studies using

DGGE, some researchers have targeted catabolic

genes, such as methane manooxygenase (Fjeilbirke-

land et al., 2001; Knief et al., 2003) for DGGE

analysis. This would provide information on the

diversity of specific groups of microorganisms com-

petent in a defined function such as pollutant

degradation.
5.4.2. Single strand conformation polymorphism

(SSCP)

Another technique that relies on electrophoretic

separation based on differences in DNA sequences is

single strand conformation polymorphism (SSCP).

Like DGGE/TGGE, this technique was originally

developed to detect known or novel polymorphisms

or point mutations in DNA (Orita et al., 1989).

Single-stranded DNA is separated on a polyacryl-

amide gel based on differences in mobility caused by

their folded secondary structure (Lee et al., 1996).

When DNA fragments are of equal size and no

denaturant is present, folding and hence mobility,

will be dependent on the DNA sequences. SSCP has

all the same limitations of DGGE. Also, some

single-stranded DNA can form more than one stable

conformation. Therefore, one sequence may be rep-

resented by more than one band on the gel (Tiedje et

al., 1999). However, it does not require a GC clamp

or the construction of gradient gels and has been

used to study bacterial or fungal community diver-

sity (Peters et al., 2000; Stach et al., 2001). SSCP

has been used to measure succession of bacterial

communities (Peters et al., 2000), rhizosphere com-

munities (Schwieger and Tebbe, 1998; Schmalen-

berger et al., 2001), bacterial population changes in

an anaerobic bioreactor (Zumstein et al., 2000) and

AMF species in roots (Simon et al., 1993; Kjoller

and Rosendahl, 2000).

5.4.3. Restriction fragment length polymorphism

(RFLP)/amplified ribosomal DNA restriction analysis

(ARDRA)

Restriction fragment length polymorphism (RFLP),

also known as amplified ribosomal DNA restriction

analysis (ARDRA) is another tool used to study

microbial diversity that relies on DNA polymor-

phisms. In the study by Liu et al. (1997), PCR-

amplified rDNA is digested with a 4-base pair cutting

restriction enzyme. Different fragment lengths are

detected using agarose or non-denaturing polyacryl-

amide gel electrophoresis in the case of community

analysis (Liu et al., 1997; Tiedje et al., 1999). RFLP

banding patterns can be used to screen clones (Pace,

1996) or used to measure bacterial community struc-

ture (Massol-Deya et al., 1995). This method is useful

for detecting structural changes in microbial commu-

nities but not as a measure of diversity or detection of
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specific phylogenetic groups (Liu et al., 1997). Band-

ing patterns in diverse communities become too

complex to analyze using RFLP since a single species

could have four to six restriction fragments (Tiedje et

al., 1999). Perhaps by using a six-base cutting en-

zyme, the number of restriction fragments per species

could be reduced, thereby increasing the resolution of

this method.

5.4.4. Terminal restriction fragment length polymor-

phism (T-RFLP)

Terminal restriction fragment length polymor-

phism (T-RFLP) is a technique that addresses some

of the limitations of RFLP (Tiedje et al., 1999). It

follows the same principle as RFLP except that one

PCR primer is labelled with a fluorescent dye, such

as TET (4,7,2V,7V-tetrachloro-6-carboxyfluorescein)
or 6-FAM (phosphoramidite fluorochrome 5-carbox-

yfluorescein). This allows detection of only the

labelled terminal restriction fragment (Liu et al.,

1997). This simplifies the banding pattern, thus

allowing the analysis of complex communities as

well as providing information on diversity as each

visible band represents a single operational taxo-

nomic unit or ribotype (Tiedje et al., 1999). The

banding pattern can be used to measure species

richness and evenness as well as similarities be-

tween samples (Liu et al., 1997). This procedure can

be automated to allow sampling and analysis of a

large number of soil samples (Osborn et al., 2000).

Osborn et al. (2000) tested the reproducibility of the

method and found that banding patterns within and

between samples were highly reproducible. They did

find that the use of different Taq polymerases

increased variability of the same DNA sample. T-

RFLP is limited not only by DNA extraction and

PCR biases, but also by the choice of universal

primers. None of the presently available universal

primers can amplify all sequences from eukaryote,

bacterial and archaeal domains. Additionally, these

primers are based on existing 16S rRNA, 18S rRNA

or ITS databases, which until recently contained

mainly sequences from culturable microorganisms,

and therefore may not be representative of the true

microbial diversity in a sample (Liu et al., 1997). In

addition, different enzymes will produce different

community fingerprints (Dunbar et al., 2000). It is

therefore, important to use at least two to four
different restriction enzymes (Tiedje et al., 1999).

T-RFLP, like any PCR-based method, may underes-

timate true diversity because only numerically dom-

inant species are detected because of the large

quantity of available template DNA. In addition,

different species will have different gene copy

numbers and this could bias results (Liu et al.,

1997). Incomplete digestion by restriction enzymes

could also lead to an overestimation of diversity

(Osborn et al., 2000). Despite these limitations,

some researchers are of the opinion that once

standardized, T-RFLP can be a useful tool to study

microbial diversity in the environment (Liu et al.,

1997; Tiedje et al., 1999; Osborn et al., 2000),

while others feel that it is inadequate (Dunbar et

al., 2000). Dunbar et al. (2000) reported that the

statistics they used detected inconsistencies in DNA

banding patterns depending on the enzyme used and

that samples of four different soil types were not

found to be significantly different from each other.

T-RFLP has also been thought to be an excellent

tool with which to compare the relationship between

different samples (Dunbar et al., 2000).

T-RFLP has been used to measure spatial and

temporal changes in bacterial communities (Acinas

et al., 1997; Lukow et al., 2000), to study complex

bacterial communities (Clement et al., 1998; Moese-

neder et al., 1999), to detect and monitor populations

(Tiedje et al., 1999) and to assess the diversity of

AMF in the rhizosphere of Viola calaminaria in a

metal-contaminated soil (Tonin et al., 2001). Tiedje et

al. (1999) reported five times greater success at

detecting and tracking specific ribotypes using T-

RFLP than DGGE.

5.4.5. Ribosomal intergenic spacer analysis (RISA)/

automated ribosomal intergenic spacer analysis

(ARISA)

Similar in principle to RFLP and T-RFLP, RISA

and ARISA provide ribosomal-based fingerprinting

of the microbial community. In RISA and ARISA,

the intergenic spacer (IGS) region between the 16S

and 23S ribosomal subunits is amplified by PCR,

denatured and separated on a polyacrlyamide gel

under denaturing conditions. This region may encode

tRNAs and is useful for differentiating between

bacterial strains and closely related species because

of heterogeneity of the IGS length and sequence
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(Fisher and Triplett, 1999). In RISA, the sequence

polymorphisms are detected using silver stain while

in ARISA the forward primer is fluorescently la-

belled and is automatically detected (Fisher and

Triplett, 1999). Both methods provide highly repro-

ducible bacterial community profiles but RISA

requires large quantities of DNA, is more time-

consuming, silver staining is somewhat insensitive

and resolution tends to be low (Fisher and Triplett,

1999). ARISA increases the sensitivity of the method

and reduces the time but is still subject to the

traditional limitations of PCR (Fisher and Triplett,

1999). RISA has been used to compare microbial

diversity in soil (Borneman and Triplett, 1997), in

the rhizosphere of plants (Borneman and Triplett,

1997), in contaminated soil (Ranjard et al., 2000)

and in response to inoculation (Yu and Mohn, 2001).

5.4.6. Highly repeated sequence characterization or

microsatellite regions

Many organisms, both prokaryotic and eukaryot-

ic, contain highly repetitive short DNA sequences

that are 1–10 base pairs long repeated throughout

their genomes (Zeze et al., 1996; Longato and

Bonfante, 1997; Tiedje et al., 1999). Depending

on the rate of evolution, these sequences may be

diagnostic and allow differentiation down to the

species or strain level (Zeze et al., 1996). This

method, also termed rep-PCR, has been used for

identification of bacteria since it provides a ge-

nomic fingerprint of chromosome structure, and

chromosome structure is considered to be variable

between strains (Tiedje et al., 1999). Highly repeat-

ed sequences are also referred to as microsatellite

regions and have been used for identification of

mycorrhizal fungi (Longato and Bonfante, 1997).

Fingerprinting of PCR-amplified microsatellites can

be compared using similarity indices to investigate

difference at the inter- and intraspecific level

(Longato and Bonfante, 1997). The use of this

method to study microbial diversity may be limited

depending on the complexity of the community;

however, it may be useful to develop probes to

detect changes in the microbial community caused

by an environmental change. Another limitation of

this method is that the sequence of the micro-

satellite region needs to be known so appropriate

primers can be used.
6. Selected results of soil microbial diversity

There is extensive research on soil microbial diver-

sity. Here we will describe a few selected studies

which have used more than one method to study

microbial diversity. Ellis et al. (2003) compared the

effects of metal contamination on culturable and

non-culturable diversity of soil microorganisms in

five different soils using plate counts and DGGE.

Their study was aimed to test the hypothesis that the

readily culturable soil bacteria may be the main

contributor to ecosystem functioning. They found

that direct amplification of rRNA genes from envi-

ronmental samples gave similar DGGE banding

patterns for all treatments but that DGGE patterns

from plate washes of culturable bacteria differed

significantly from each other and from their total

community pattern. Also, the culturability of micro-

organisms was greatly reduced in samples with the

highest metal contamination. These authors conclud-

ed that the culturable portion of the microbial com-

munity is an important ecological parameter and it is

important to assess activity as opposed to the pres-

ence or absence of bacteria.

Muller et al. (2001) used a variety of biochemical

and molecular techniques to assess the impact of

mercury pollution on the soil microbial community

from three different sites with varying levels of

contamination. Biomass, colony morphology typing,

ARDRA and DGGE all detected differences in the

soil with the highest level of contamination (511

total mercury Ag g dw soil�1) compared to the

lowest and intermediate level of contamination (7

and 28 total mercury Ag g dw soil�1, respectively).

Sole carbon source utilization pattern analysis did

not detect any differences between the number of

substrates utilized or the similarity of their utilization

but the soil with the highest level of contamination

did separate from the other two soils in PCA

analysis. The authors were unclear if the mercury

had influencing the assay.

In a follow-up study, Muller et al. (2002) used

colony morphology typing, DGGE profiling and sub-

strate utilization patterns to study how two different

disturbances, mercury contamination and tylosin (a

veterinary antibiotic) treatment affect the diversity and

function of soil microbial communities. Microbial

function was assessed using respiration after the
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addition of a substrate (glucose or alfalfa) following

yet another disturbance, a heat treatment. These

researchers detected differences in diversity using

both morphology typing and DGGE, especially for

mercury contamination, but no differences were

detected using substrate utilization data. The authors

felt that the substrate utilization data examined a

different level of the microbial community and was

attributed to a consortium of bacteria capable of

growth in the individual wells as opposed to individ-

ual species. The authors did notice an increased lag

time and respiration delay in mercury-contaminated

treatments especially upon the addition of a complex

substrate such as alfalfa. It is noted that the treatments

with decreased diversity in both culturable and non-

culturable microbial fractions also exhibited increased

lag phase and respiration delay after the addition of

another stress. The results from this study could

support the hypothesis that reduced diversity leads

to reduced ecosystem stability and hence ecosystem

functioning.

Siciliano et al. (2003) used DGGE, as well as DNA

hybridization with catabolic gene probes (ndoB, alkB

and xylE) of culturable bacterial colonies, to assess the

structural and functional diversity of bulk soil micro-

bial communities in soil contaminated with polycyclic

aromatic hydrocarbons (PAHs) during a phytoreme-

diation trial. They hypothesized that the plant’s influ-

ence on the soil microbial community would extend

beyond the rhizosphere and would alter the function-

ing of the bulk soil microbial community to aid in

degradation. They found that tall fescue (Festuca

arundinacea) altered the functional catabolic diversity

by increasing the prevalence of catabolic genes in the

bulk soil, but that this enrichment was not detected

using DGGE.

Ibekwe et al. (2002) used PLFA and DGGE

together to assess the impacts of agricultural man-

agement techniques, such as no-tillage and conven-

tional tillage, and environmental influences, such as

precipitation, of four different soils. They found that

the information obtained from both techniques com-

plemented each other as they had a common pattern

of clustering for the four soils. The no-till and the

conservation reserve program clustered closer togeth-

er than the conventional till and minimal tillage in

the PCA analysis of PLFA, and the similarity and

correspondence analysis of DGGE patterns. The
authors concluded that management techniques (till-

age) impacted the microbial community composition

more than the amount of precipitation.

The authors of the above studies used various

techniques to determine the effects of pollutants, farm-

ing practices and precipitation on the microbial com-

munity structure and/or function. It can be concluded

that the best method(s) to use depend on the questions

being asked and the resources available. DGGE,

ARDRA, PLFA and colony morphologies all detected

changes in the microbial population structure and

diversity (Ibekwe et al., 2002; Muller et al., 2001,

2002). When the results of DGGE and PLFA were

compared (Ibekwe et al., 2002), the results comple-

mented each other. However, when substrate utilization

patterns were used with these other techniques, it did

not detect any corresponding changes in the potential

metabolic functional diversity of the microbial com-

munities, despite the changes in structure detected.

The degree of resolution of carbon source utiliza-

tion patterns seems to be at a community functional

level since it is performed by a consortium of bacteria.

Since functional redundancy is thought to exist in soil

bacteria, it is expected that carbon source utilization

patterns would only detect a drastic change in the

microbial community. Where DGGE, ARDRA, PLFA

and colony morphologies are all detecting changes in

community structure potentially to a species level, and

therefore are expected to detect smaller shifts in the

community. DGGE and ARDRA are both molecular

based and PLFA is a direct extraction of phospholipid

fatty acids from soil. Therefore, all three methods are

examining both the culturable and non-culturable

fractions of the soil microbial community where

colony morphology depends only on the culturable

fraction.

There is a wide range of methods available to

study soil microbial diversity. Each method has its

limitations and only provides a partial picture of one

aspect of soil microbial diversity. Since it is impos-

sible to evaluate the effectiveness of each method

with our current knowledge, it is advised that

researchers study the microbial population on as

many different levels as possible. As the proceeding

examples illustrate, a broader, more complete picture

of soil microbial diversity can be obtained by using a

variety of methods, each with a different endpoint, to

provide a more global assessment of changes in
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microbial structure and function. One should be

aware that changes in microbial community diversity

in a habitat may not imply deleterious effects. Thus

the need to learn how changes in microbial commu-

nity structure influence microbial community func-

tion is apparent.
7. Future perspectives

It is important to study microbial diversity not only

for basic scientific research, but also to understand the

link between diversity and community structure and

function. Human influences such as pollution, agri-

culture and chemical applications could adversely

affect microbial diversity, and perhaps also above-

and below-ground ecosystem functioning. For in-

stance, Buckley and Schmidt (2001) found signifi-

cantly higher amounts of 16S rRNA for all microbial

groups analyzed in fields that have never been culti-

vated as compared to agricultural fields. This suggests

a decrease in bacterial biomass or activity in cultivated

fields. Similarly, the diversity of AMF has been

shown to increase from arable fields to natural sys-

tems (Daniell et al., 2001; Menendez et al., 2001).

However, it is not known what these reductions in

diversity mean to ecosystem functioning and it is

important for sustainability of ecosystems that the

link between diversity and function be examined

and better understood.

There is disagreement within the scientific com-

munity of whether taxonomic or genetic diversity is

important as long as functional diversity is main-

tained. Given the limitations of our ability to study

diversity and how diversity relates to function, it

would be prudent to assume functional redundancy

does not exist and taxonomic diversity is important to

maintain. It was once thought that AMF were func-

tionally redundant given a lack of host specificity, but

it has since been found that they are not functionally

redundant and do provide different benefits to differ-

ent plant hosts.

Knowledge of microbial diversity and function in

soils is limited because of the taxonomic and meth-

odological limitations associated with studying these

organisms. Although methods to study diversity

(numerical, taxonomic, structural) are improving for

both bacteria and fungi, there is still not a clear
association between diversity and function. Even if

an organism is functionally redundant in one func-

tion, chances are it is not redundant in all functions

and will have different susceptibilities and tolerances

to abiotic and biotic stresses. It is generally thought

that a diverse population of organisms will be more

resilient to stress and more capable of adapting with

environmental changes.

Bacterial and fungal diversity increases soil qual-

ity by affecting soil agglomeration and increasing

soil fertility. They are both important in nutrient

cycling and in enhancing plant health through direct

or indirect means. In addition, a healthy rhizosphere

population can help plants deal with biotic and

abiotic stresses such as pathogens, drought and soil

contamination.

Our current ability to study and understand soil

microbial diversity is wrought with taxonomic and

methodological limitations. Soil microbiologists face

the difficult task of attempting to define and identify

microorganisms and their functions. This paper sum-

marizes some of the common biochemical and molec-

ular methods used to study soil microbial communities.

Although molecular methods have the advantage of

obtaining information about non-culturable organisms,

they also have limitations that cannot be ignored. It is

challenging to soil microbiologists to develop techni-

ques to study soil microbial diversity when it is

currently impossible to know how accurate these tech-

niques are.We do not knowwhat is present in a gram of

soil, and therefore it is difficult to concludewhether one

technique of studying diversity is better than another.

Given the current state of knowledge, we feel that the

best way to study soil microbial diversity would be to

use a variety of tests with different endpoints and

degrees of resolution to obtain the broadest picture

possible and the most information regarding the mi-

crobial community. In addition, methods to understand

the link between structural diversity and functioning of

below- and above-ground ecosystems need to be de-

veloped so that the question of how diversity influences

function can be addressed.

Our knowledge of plant–microbe–soil interactions

is increasing, but the complexity of interacting bio-

logical, chemical and physical factors means that

much remains to be understood. As new techniques

are developed, our level of understanding increases

and our knowledge expands.
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